Abstract: Osteoporotic drugs are used to prevent fragility fractures, but their role in fracture healing still remains unknown. Thus, alternative agents with suitable mode of delivery are needed to promote fracture healing. This study was performed to investigate the effects of direct deliveries of lovastatin and tocotrienol to fracture sites on ossification-related gene expression in fracture healing in a postmenopausal osteoporosis model. Forty-eight Sprague Dawley female rats were divided into six groups. Group I comprised the sham-operated rats, while Groups II-VI were ovariectomized rats. After 8 weeks, the right tibiae of all rats were fractured and stabilized. Group I and Group II were given two single injections of lovastatin and tocotrienol carriers. Group III was given an estrogen preparation at 64.5 µg/kg daily via oral gavages. Group IV was injected with lovastatin particles (750 µg/kg), while Group V was injected with tocotrienol particles (60 mg/kg). Group VI received two single injections of 750 µg/kg lovastatin particles and 60 mg/kg tocotrienol particles. After 4 weeks, the gene expressions were measured. Group VI showed significantly higher gene expressions of osteocalcin, BMP-2, VEGF-α, and RUNX-2
Skoglund et al., reported that a high dose of statin given orally to femoral-fractured mice promoted fracture healing [14] . Statin given orally at a cholesterol-lowering dose does not reach the bones and only a minor fraction reached the fracture site [15] , so a high oral dose of statin is required to achieve sufficient concentration at the bone fracture site. However, high doses of statin can cause adverse effects such as liver failure, kidney disease and rhabdomyolisis [16] . In order to get enough statin concentration at the fracture site using low dose of statin, it has to be delivered directly to the fracture site.
Tocotrienols are members of the vitamin E family, which is an essential nutrient that can be naturally sourced from palm, rice bran and annatto bean. The annatto bean-derived tocotrienols contain the most active types of tocotrienols; delta (90%) and gamma tocotrienols (10%) [17] . In an earlier study, a tocotrienol-enriched fraction showed improved fracture healing in a rat model when given orally, daily for 2 months [18] . The major intracellular transport protein for vitamin E is α-tocopherol transfer protein. It is more selective towards α-tocopherol than tocotrienols, resulting in shorter half-life and low bioavailability of the oral form of tocotrienol [19] .
In order to improve the delivery of statin and tocotrienol to fracture sites, a suitable mode of delivery is needed. With a targeted delivery and a carrier system, a drug can primarily remain localized at the bone area to maintain sufficient concentration of the drug [20] . The purpose of this mode of delivery is to achieve a delivery profile that yields the desired drug level over a long period at the target site as the therapeutic agents are released at a constant rate [21] . With the limited amount of drug entering the systemic circulation, the drug side effects could be minimized [20] . Using targeted delivery system, the adverse effects associated with the use of high doses of lovastatin may be avoided, while the bioavailability of tocotrienol may be increased to promote fracture healing.
Fracture healing is a complex regenerative process in response to injury. It can be divided into reactive, healing and remodeling phases, which may last for four to six weeks. It involves intracellular and extracellular molecular signaling for bone induction and conduction [22, 23] . During fracture healing process, bone is formed by two different processes; intramembranous ossification and endochondral ossification. Various bone matrix proteins and growth factors are recruited at the fracture injury site or from the circulation for the healing processes including osteocalcin, bone morphogenetic protein (BMP)-2, vascular endothelial growth factor (VEGF)-α, bone sialoprotein, Runt-related transcription factor (Runx)-2 and FGF-23 [24] [25] [26] [27] . Specifically, TGF-β2 and -β3 are released during intermediate phase for the proliferation of undifferentiated mesenchymal and progenitor cells, osteoblasts and chondrocytes [22, 28] . Apart from that, the recruited cells also synthesize and secrete cartilage-specific matrix including Type II collagen [28] . All of these factors are responsible for stimulating chondrocyte proliferation, cartilage formation, osteoblast proliferation and bone synthesis [29] . Additionally, VEGF-α is important not only in osteogenesis but also in angiogenesis, to regulate blood vessel invasion during fracture healing [30] .
To the best of our knowledge, the molecular mechanisms of osteoporotic fracture healing with the use of targeted deliveries of lovastatin and tocotrienol have not been elucidated. In this study, the fracture healing-related gene expressions were measured to understand the role of targeted delivery system of lovastatin and tocotrienol in promoting fracture healing.
Experimental Section

Animals and Surgical Procedures
With the ethical approval obtained from Universiti Kebangsaan Malaysia Animal Ethical Committee (FP/FAR/2012/NAZRUN/21-NOV/472-NOV2012-MAR2014), forty-eight female Sprague Dawley rats, weighing 200 to 250 g were purchased from the laboratory animal resource unit. The rats were housed two per cage under 12-hour light-dark cycle and were given tap water ad libitum. Following acclimatization for 7 days, the rats were randomly divided into six groups. Group I comprised the sham-operated rats while Groups II, III, IV, V, VI were ovariectomized rats. The rats were ovariectomized to mimic a situation of estrogen-deficient state. Ovariectomized group rats (Groups II-VI) were left untreated for 8 weeks to allow for ovariectomy-induced osteoporosis. Fracture procedures were then performed according to a previous protocol described by Ibrahim et al. [31] , in which pulsed ultrasound was used to fracture the right tibiae of all the rats and stabilized by means of a plate fixation method [32] . Intraperitoneal injection of ketamine and xylazil in 1:1 ratio was used to anaesthetize the animals. Then, the operated-side of the leg was shaved and sterilized with 70% alcohol, before incisions were performed. An anterior-medial approach with an extension from the medial femur condyle to the middle of the tibia was performed to gain access to the tibial bone. Then, without damaging the muscles at the tibia, the proximal tibial third was prepared in an epiperiosteal manner. A 90° T-shaped titanium fixation plate XS (57-05140 Stryker Trauma, Selzach, Switzerland) with five holes was slightly pre-bent in the transversal part, and was fixed proximally with a 1.2 × 4.0 mm screw to the anterior-medial surface of the tibia.
Osteotomy was performed at the metaphysis region using pulsed ultrasound (Piezosurgery, Mectron Medical Technology, Carasco, Italy). A complete fracture using the osteotomy method was confirmed visually. Following osteotomy, the plate was placed in its correct position and fixed with another 1.2 × 4.0 mm screw distal to the anterior-medial surface of the tibia to immobilize the fracture. Instantly, two single injections of treatments (0.05 mL per 100 g body weight) were delivered into the muscles near the fracture site. Specific sites for injections of lovastatin particle or its carrier was located at 2 mm above the fracture line, while tocotrienol particle or its carrier was located at 2 mm below the fracture line. The incised skin was closed with non-absorbable suture. For post-operative care, each rat received injections of buprenorphine (0.1 mg/kg of bodyweight every 12 h for 3 days) as analgesic, baytril 5% (0.1 mg/kg body weight every 24 h for 5 days) as antibiotic and iodine solution to the site as an antiseptic. Daily oral gavages of treatment were started one day after the fracture for a period of 4 weeks.
Grouping of Rats and Treatments
Both the Group I and Group II animals were given two single injections of lovastatin carrier and tocotrienol carrier. Group III was given daily oral gavages of Premarin (64.5 µg/kg) and two single injections of lovastatin carrier and tocotrienol carriers. Group IV was given two single injections of 750 µg/kg lovastatin particles and tocotrienol carrier. Group V was given two single injections of 60 mg/kg annatto tocotrienol particles and lovastatin carrier. Group VI was given two single injections of lovastatin particles and annatto tocotrienol particles at the same dose as the single treatment groups. All the groups were given daily oral gavages of deionised water, except for the Group III, which was given premarin and acted as positive control group. After four weeks of treatment period, the rats were euthanized by diethyl ether overdose. The fractured tibiae were dissected out and the plates and screws were removed. The tibiae were wrapped in gauze, immersed in phosphate buffered saline (PBS), and stored at −70 °C until analyzed.
Preparation of Lovastatin and Tocotrienol Particles
Lovastatin (catalog no. 1530, Tocris Bioscience, Bristol, UK) was used to prepare lovastatin particles as per an earlier protocol described by Ibrahim et al. [31] . An amount of 2.5 mL of 100 mg/mL poly-(D,L-lactide), viscosity of 0.26 to 0.54 (DURECT Corporation, Birmingham, AL, USA) was mixed with agitation with 1 mL of 50 mg/mL lovastatin in acetone. Then, with continuous stirring, 2.5 mL of water 1% polyvinyl alcohol (1% PVA) was added in a drop wise manner. The mixture was stirred for 5 h in order to remove the remaining solvent and unloaded drugs. Following these, the mixture was centrifuged at 10,000/rpm and repeatedly washed with saline. After the centrifugation process, the sediment (resultant lovastatin particle) was collected and dried under reduced pressure overnight. Ultimately, the particles were resuspended in saline before injected to the rats.
Annatto tocotrienol (Delta Gold ® 70) was obtained from American River Nutrition Inc. (Hadley, MA, USA) for this study. The tocotrienol particles were prepared by solvent-evaporation method according to an earlier protocol described by Ibrahim et al. [31] . A total of 10 mg of delta-tocotrienol and 50 mg of poly-(D,L-lactide-co-glycolide) (PLGA) were dissolved in 2 mL of dichloromethane. Then, the solution was cooled to 4 °C for 1 h, before being dispersed in 0.1% polyvinyl alcohol solutions. Stirring was performed continuously for 2 h at room temperature to remove the solvent. After that, the mixture was filtered using 0.45 µm filter, washed with distilled water, and dried under reduced pressure for 2 days. Following these, the resultant tocotrienol particles were collected and dissolved in a solution of 0.5% carboxymethylcellulose (CMC) and 0.1% Tween 80 before administered to the rats. The same preparation methods were performed for lovastatin and tocotrienol carriers, but without the addition of lovastatin and tocotrienol, respectively.
Measurement of Gene Expression
Gene expressions were measured using the branched DNA technique (QuantiGene® 2.0 Plex Assay, Affymetrix Inc, Santa Clara, CA, USA). Tissue homogenates for gene expression measurement were prepared according to directions suggested by the manufacturer. Approximately 5 mg samples (about the size of a rice grain) were taken from each tibia near the former fractured area and were placed in vial containing beads. Then, the samples were mixed with homogenizing solution and Proteinase K for tissue homogenates and the release of ribonucleic acid (RNA). The RNA samples were subjected in duplicate to Quantigene Plex assays to obtain the average for more accurate readings. The samples were hybridized overnight at 54 °C with specific mRNA capture beads and 2.0 capture probes. The following day, the samples were hybridized with 2.0 preamplifier and incubated with a 2.0 amplifier and a biotinylated label probe for 1 h at 50 °C. This was followed by application of streptavidin-conjugated R-Phycoerythrin (SAPE) detection probe for 30 min at room temperature for fluorescence production. The fluorescent signals associated with individual capture beads were analyzed using a Bio-Plex 200 array reader (Luminex, Austin, TX, USA) equipped with Luminex 100 Xmap technology which measures the bead signature designating RNA target and the SAPE signal designating abundance. For each well, the total fluorescence from each individual bead type (corresponding to individual mRNA species) were subtracted with the average background fluorescence signals, and were then normalized to the fluorescence of a housekeeping gene. The housekeeping genes used in this study were glyceraldehyde-3-phosphate dehydrogenase (GAPDH), glucuronidase-beta (Gusb) and ribosomal protein S-18 (RPS-18). From the result of these three housekeeping genes, only one housekeeping gene that yields consistent average signal value was chosen. In this study, GAPDH was found to give consistent average values. The genes of interest are listed in Table 1 . 
Statistical Analysis
The data analysis was performed using Statistical Package for Social Science software (SPSS version 20.0, SPSS Inc., Armonk, NY, USA) and were expressed as mean ± standard error mean (SEM). The data was tested for normality using Kolmogorov-Smirnov test. For normally distributed data, the statistical test used were the analysis of variance (ANOVA), followed by post-hoc analysis of Tukey's Honestly Significant Difference (HSD) test. The level of significance was taken as p < 0.05.
Results
Osteocalcin Gene Expression
The osteocalcin gene expression of the tibial bones was significantly higher in Group VI compared to Group II (p < 0.05). There were no other significant differences in the osteocalcin gene expression levels among the various treatment groups (Figure 1 ). ovariectomized+Tocotrienol+Lovastatin. * Indicates a significant difference (p < 0.05) compared with the group II.
BMP-2 Gene Expression
The BMP-2 gene expression of the tibial bones was significantly higher in Group VI compared to Group II (p < 0.05). There were no other significant differences in the BMP-2 gene expression levels among the various treatment groups (Figure 2 ). 
VEGF-α Gene Expression
The VEGF-α gene expression of the tibial bones was significantly higher in Group II, Group IV and Group VI when compared to Group II (p < 0.05). There were no other significant differences in the VEGF-α gene expression levels among the various treatment groups (Figure 3 ovariectomized+Tocotrienol+Lovastatin. * Indicates a significant difference (p < 0.05) compared with the group II.
RUNX-2 Gene Expression
The Runx-2 gene expression of the tibial bones was significantly higher in Group VI when compared to Group II and Group III (p < 0.05). There were no other significant differences in the RUNX-2 gene expression levels among the various treatment groups (Figure 4 ). 
BSP Gene Expression
The BSP gene expression of the tibial bones was significantly higher in Group I when compared to Group II (p < 0.05). There were no other significant differences in the BSP gene expression levels among the various treatment groups ( Figure 5 ). ovariectomized+Tocotrienol+Lovastatin. * Indicates a significant difference (p < 0.05) compared with the group II.
TGF β2 Gene Expression
There were no significant differences in the TGF β2 gene expression levels among the various treatment groups (Figure 6 ). 
TGF β3 Gene Expression
There were no significant differences in the TGF β3 gene expression levels among the various treatment groups (Figure 7 ). 
COL2α1 Gene Expression
There were no significant differences in the COL2α1 gene expression levels among the various treatment groups (Figure 8 ). 
FGF-23 Gene Expression
There were no significant differences in the FGF-23 gene expression levels among the various treatment groups (Figure 9 ). 
Discussion
In this present study, gene expression was measured at one-time point (4 weeks post-fracture), which was referred to as intermediate phase of fracture healing in rats [31] . This phase consisted of fibrocartilage callus formation and bony callus formation. The genes measured in this study were selected based on their important roles during the intermediate phase of fracture healing. Type II collagen was chosen as it is a major structural protein of cartilage, which appear during fibrocartilage callus formation of intermediate phase. TGF-β2, TGF-β3, BMP-2, and osteocalcin were important for bony callus formation during the intermediate phase [24] . Apart from that, VEGF is crucial for angiogenesis during fracture healing [30] .
The result of this present study showed that combined targeted deliveries of tocotrienol and lovastatin (Group VI) significantly elevated the gene expressions of BMP-2, VEGF-α, osteocalcin, and Runx-2 when compared to the ovariectomized-control rats (Group II). The up-regulation of these fracture healing-related gene expressions might be related to the suppression of HMG-CoA reductase on the mevalonate pathway ( Figure 10 ). The findings of this present study were consistent with a previous study by Abdul-Majeed et al., which reported that combined oral administration of tocotrienol and lovastatin significantly increased bone formation and reduced bone resorption of ovariectomy-induced osteoporotic rats [33] . On the other hand, other studies showed that high oral doses of statin are required to enhance bone formation and reduced bone resorption in rodents, when statin was used as a single agent [10, 34, 35] . These high oral doses of statin were associated with myotoxicity and hepatotoxicity in human [36, 37] . Abdul-Majeed et al., overcame this problem by combining an oral statin at clinically acceptable dose with tocotrienol to achieve both bone anti-osteoporotic and anabolic activities. These agents may have exhibited additive or synergistic effect to increase bone formation of osteoporotic rats [33] . However, it is difficult to get high and constant levels of statins in the bone due to their limited distribution to the peripheral tissues after oral administration [15] . The distribution of oral tocotrienol was also poor due to poor selectivity by the α-tocopherol transfer protein at the liver [19] . Both of these problems could be avoided by administrating the agents directly to the bone using a targeted delivery system.
The present study showed that these agents were effective in improving osteoporotic fracture healing when administered with a targeted delivery system. Earlier result of combined targeted deliveries of tocotrienol and lovastatin showed improvement in mineralization and strength of callus formed during fracture healing of osteoporotic bone [31] . Using this delivery system, low doses of the agents are combined with their suitable carriers and they are released slowly with a single injection to maintain high concentrations at the bone microenvironment. Both lovastatin and tocotrienol have similar activity on HMG-CoA reductase in mevalonate pathway. However, the mechanisms are different. Statin act as a chemical analogue of substrate HMG-CoA and block the activity of HMG-CoA reductase [38] . Meanwhile, for tocotrienol, the inhibition of HMG-CoA reductase activity is regulated post-transcriptionally through the increased cellular conversion of farnesyl pyrophosphate to farnesol [39, 40] . These could upregulate BMP-2 gene expression by decreasing protein prenylation of isoprenoids intermediates, such as farnesyl pyrophosphate (FPP) and geranylgeranyl pyrophosphate (GGPP) (Figure 10 ) [11, 41] . The decreased protein prenylation caused a reduction of RhoA, which is a prenylated protein and resulted into increased BMP-2 gene expression. Hagihara et al., have confirmed that the inhibition of RhoA was able to promote BMP-2 induced osteoblastic differentiation processes [42] . These actions may have resulted in the significantly higher expression of BMP-2 genes for the combination group (Group VI) found in this study.
Moreover, in this study, the combination group had also recorded a significantly higher osteocalcin gene expression. This increased expression may have occurred following the BMP-2 induced osteoblastic differentiation processes. Osteoblast cells secrete osteoid and synthesize osteocalcin during bone formation, which generally serves as a specific marker for osteoblast activity and bone formation [43] .
In the present study, osteocalcin gene expression was measured 4 weeks after the induction of fracture in rats, which corresponded with the reparative phase of fracture healing. The combination group (Group VI) showed significantly higher osteocalcin gene expression compared to the ovariectomized control group (Group II). This was consistent with the findings by Yao et al., where osteocalcin was expressed later and was elevated after the 28th day of culture period [44] . Moreover, Jingushi et al., reported that osteocalcin gene expression was detected only in the hard callus during the later healing stages of endochondoral ossification and remodeling. It was not expressed in soft callus during intramembranous ossification stage [45] . All these findings were consistent with the present study, which showed that osteocalcin was highly expressed by the combination group (Group VI) during the reparative phase. This indicates better fracture healing with the highest activity of bone formation when tocotrienol and statin were delivered together to the fracture site. [41] .
In this present study, Group VI showed significantly higher RUNX-2 gene expression, which might also be correlated with the high BMP-2 gene expression. This result is consistent with Phimphilai et al., who found that BMP signaling is required to stimulate expressions of many target genes including RUNX2. When the BMP signaling was inhibited, RUNX-2 failed to stimulate osteoblast differentiation as it was not able to transactivate the osteocalcin gene promoter-luciferase reporter [46] . Interestingly, the RUNX-2 gene expression of Group VI was significantly higher than Group III (estrogen treatment group). The estrogen group, which acted as the positive control group in the current study, did not show any significant changes on all the gene expressions measured. This was not expected but Cao et al. [47] reported that estrogen treatment failed to promote femoral fracture healing of osteoporotic rats. In contrast, Estai et al. [48] reported estrogen-promoting effects on the healing of femoral fracture in osteoporotic rats as shown by the enhanced strength of healed bone. It is an accepted fact that estrogen prevents bone loss in postmenopausal women by suppressing bone resorption activity [49] . However, estrogen may cause mild suppression of bone formation activity, which may negatively affect bone remodeling and fracture healing [47, 50] . All these factors could be the reasons behind the insignificant effects of estrogen on fracture healing.
In the present study, Group VI showed significant higher VEGF-α gene expression compared to Group II. VEGF gene expression is required in fracture healing for promotion of vasculogenesis and angiogenesis. These allowed deliveries of osteogenic substrates, pericyte stem cells, and mesenchymal stem cells for differentiation of osteoblast and bone formation [51, 52] . The stimulation of VEGF gene expression during fracture healing was also closely related to BMP-2 gene expression. It was reported that BMP-2 is capable of stimulating murine-derived angiogenesis in fetal mice bone [53] . Maeda et al., documented that statins could stimulate VEGF expression. This was consistent with our study as the VEGF gene expression was significantly elevated in the rats receiving lovastatin (Group IV). The VEGF stimulation occurred via activation of the P13K/Akt pathway to promote osteoblast differentiation [54] .
There were no significant differences in the gene expressions of TGF-β2, and TGF-β3. Cho et al., have demonstrated that TGF-β superfamily such as GDF-5, TGF-β2, and TGF-β3 showed maximal expressions on day 7 after fracture [22] . On the other hand, Abe et al., measured gene expressions in murine bone marrow cultures from adult mice and reported that TGF-β2 and TGF-β3 were expressed from day 3 (week 1) to day 21 (week 3) [55] . TGF-β2 and TGF-β3 were expressed early to initiate signaling for BMP synthesis by osteoprogenitor cells, which is important during the early phase of fracture healing [56] . The TGF-β gene expressions may have been low when their levels were measured by the fourth week of fracture healing in the present study.
FGF23 is a bone-derived hormone that regulates phosphorus and vitamin D metabolism. It has recently been suggested as a putative marker of bone healing [57] . In the current study, Group VI showed higher FGF23 gene expression than other groups but did not reach statistical significance. Goebel et al., reported a marked increase in FGF23 mRNA expression in ovine model with normal fracture healing compared to those with delayed course of healing. This showed that the elevated levels of FGF 23 are associated with uneventful fracture healing and can act as an indicator for healing prone to reunion versus nonunion [27] . Thus, the highly expressed FGF23 gene in Group VI in this current study may indicate uncomplicated fracture healing.
Bone sialoprotein (BSP) gene expression during fracture healing is important for biomineralization of connective tissues [58] . Group VI showed elevated BSP gene expression although it did not reach significant value when compared to Group II. Schmid et al., reported maximal expression of BSP at 14 days after tibial fracture in mice [26] . Meanwhile, Chen et al., reported that during embryogenesis and growth of rat tissues, BSP mRNA transcripts were first evident in fully differentiated osteoblast, with maximal expression observed at 21 days gestation [58] . These studies showed that BSP expression has a specific role in mediating the initial stages of tissue mineralization.
Gene expression of type II collagen was measured as an index of matrix synthesis of cartilage [59] . Hatano et al., reported that mevastatin, another type of statin, was able to increase type II collagen mRNAs at day 2 on rat-cultured chondrocytes. However, at longer period of time (10 days), type II collagen mRNAs was decreased with mevastatin treatment [60] . This study showed that statin increased type II collagen during early treatment period. Apart from that, Jingushi et al., also reported similar result, where type II collagen gene was maximally expressed during chondrogenesis, specifically after nine days of fracture [45] . Meyer et al., reported that type II collagen mRNA expression was decreased at fourth week of fracture healing and was non-detectable at sixth week of fracture healing [59] . These studies showed that type II collagen gene expression was highly expressed during the early phase of fracture healing, which could be the reason why no significant change was detected in its expression in the present study.
Conclusions
In conclusion, lovastatin and tocotrienol particles administered directly to the fracture site using a controlled drug delivery system, could up-regulate crucial genes for fracture healing such as osteocalcin, BMP-2, VEGF-α and RUNX-2. Single treatment with lovastatin using the same delivery system appeared to affect VEGF gene expression only. Therefore, combined targeted delivery of lovastatin and tocotrienol may have the ability to promote fracture healing. For future prospective osteoporotic fracture healing studies, a time-point measurement of gene expression should be performed to make sure all genes of interest can be measured at their maximal expression.
